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Available online 13 July 2019 Additive manufacturing (AM) of metals often results in parts with unfavorable mechanical properties. Laser
peening (LP) is a high strain ratemechanical surface treatment that hammers aworkpiece and induces favorable
mechanical properties. Peening strain hardens a surface and imparts compressive residual stresses improving the
mechanical properties of a material. This work investigates the role of LP on layer-by-layer processing of 3D
printed metals using finite element analysis. The objective is to understand temporal and spatial residual stress
development after thermal and mechanical cancellation caused by cyclically coupling printing and peening. Re-
sults indicate layer peening frequency is a critical process parameter affecting residual stress redistribution and
highly interdependent on the heat generated by the printing process. Optimum hybrid process conditions
were found to exists that favorably enhance mechanical properties. With this study, hybrid-AM has ushered in
the next evolutionary step in AM and has the potential to profoundly change the way high value metal goods
are manufactured.
Copyright © 2019 Tianjin University. Publishing Service by Elsevier B.V. on behalf of KeAi Communications Co., Ltd.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Keywords:
Additive manufacturing
Laser peening
Finite element analysis
Residual stress
Hybrid
1. Introduction
A research area of critical importance identified by America Makes,
NSF, NIST, the Department of Energy, CAM-IT, and others is material
properties and subsequent performance of additive manufacturing
(AM) parts.1–6 Substandard properties and poor performance is a criti-
cal technical barrier to more widespread adoption of AM technology.
High tensile residual stresses and cracking remain a major problem for
the performance of additive manufactured components. Current prac-
tice to relieve residual stress typically involves heat treatments. Al-
though heat treatments relax residual stress throughout the entirety
of a part to prevent warping and cracking, key disadvantages include
the following:
1) the ability to harden (e.g., by grain boundary refinement, precipita-
tion hardening, or martensitic transformation) are material/compo-
sition dependent and are not necessarily agreeable with additive
manufacturing alloys;
2) heat treatments are not amenable to all materials; and
3) favorable compressive residual stresses are concurrently removed
from a system along with the tensile residual stresses.
Another approach to delay cracking and wear in AM parts is to case
harden a surface by peening, burnishing, nitriding, or carburizing. The
primary disadvantage of these external surface treatments is the low
penetration depth of hardening that ranges from a few microns to a
fewmillimeters. Bulk mechanical properties remain unchanged. To im-
prove service life of an AM part, an alternative manufacturing approach
is needed that increases penetration depths beyond typical surface
treatments. Therefore, thiswork proposes that heat treatments and sur-
face treatments are the least desirable techniques to improve service
life. An alternative solution is a hybrid additive manufacturing process
chain that allows for control of work hardening and residual stress
throughout the entire build volume of a component rather than the ex-
ternal surface only.
Hybrid additive manufacturing (hybrid-AM) processes have been
defined as the use of AM with one or more secondary processes or en-
ergy sources that are fully coupled and synergistically affect part quality,
functionality, and/or process performance.7 One of the salient features
of this definition is the fully coupled criterion that distinguishes pre-
and post-processing of a build from those processes required during a
build, often layer-by-layer (or multiples thereof). Synergy refers to the
enhanced outcome(s) from coupling one or more secondary processes
that is not achievable when uncoupled. Lastly, the third key feature re-
lates to what experiences the enhanced outcome. In hybrid-AM pro-
cessing, either the part, the process, or the part's functionality
experiences the enhancement from fully coupling two or more
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processes. Secondary processes that have been coupled with AM in-
clude machining, laser reprocessing, and mechanical surface
treatments.
Hybrid-AM using mechanical surface treatments, such as laser
peening (LP), are of interest to bearing and tool and die applications
due to the ability to work harden and impart favorable compressive re-
sidual stresses beyond the typical penetration depth of a surface treat-
ment. Laser peening causes severe high strain rate plastic deformation
from a shock wave that hardens and strengthens a surface. Conse-
quently, fatigue life and wear resistance improve by delaying crack ini-
tiation and propagation. Coupling additive manufacturing with layer-
by-layer laser peening is proposed as a novel approach to manipulate
bulk mechanical properties that will improve the service life of parts.
In hybrid-AM, the primary AM process can be either directed energy
deposition (DED), powder bed fusion (PBF), or sheet lamination. InDED,
metal powder is blown into the melt pool created by a dense, high en-
ergy heat source (typically laser or electron beam) and deposited as a
layer. In PBF, a scanning laser melts stationary powder particles to
form a layer. Sheet lamination stacks sheets ofmetal that are bonded to-
gether using ultrasonic welding. It is important to note that the 3Dme-
chanical properties achieved by coupling printing with laser peening
are dependent on the AM process mechanics. In this paper, laser
engineered net shaping (LENS®) was coupled with LP as a secondary
layer-by-layer process. A schematic of LENS and LP is shown in Fig. 1.
There are new manufacturing challenges associated with coupling
peening and 3D printing. Thermal and mechanical cancellation must
be better understood for this approach to meaningfully impact the
manufacturing industry. Thermal cancellation refers to the loss of favor-
able residual stress from heat. Mechanical cancellation refers to the loss
of favorable residual stresses from undesirable stress redistribution.
In hybrid-AM, thermal cancellation occurs when a new layer is
added on a peened surface (Fig. 2). The dashed and solid lines represent
residual stress profiles after peening and after printing, respectively. The
heat generated during material deposition has the potential to cancel
any beneficial mechanical properties previously induced by peening.
This phenomenon of eliminating or reducing the magnitude of favor-
able compressive residual stresses from the AM heat source is referred
to as “thermal cancellation.” Naturally, thermal cancellation is depen-
dent on AM process parameters and the corresponding heat entering
the part. It is expected that the degree of sensitivity depends on thema-
terial being printed and its related thermal properties. Thermal cancel-
lation in hybrid-AM is poorly understood.
Mechanical cancellation in hybrid-AM is the reduction of compres-
sive residual stresses present below the surface due to application of
peening on subsequent layers (Fig. 3). The dashed and solid lines repre-
sent residual stress profiles after peening different layers. Since peening
induces both compressive and tensile residual stresses below the sur-
face, peening new layers on top of previously peened layers redistrib-
utes residual stress fields. The tensile component of peening a new
layer redistributes the compressive residual stress frompeening a previ-
ous layer. The cumulative effects of coupling peened layers are poorly
understood.
The objectives of this paper are to introduce the concept of thermal
and mechanical cancellation of residual stresses in hybrid-AM by laser
peening and begin understanding the phenomenon through finite ele-
ment analysis. A two-dimensional finite element model of hybrid-AM
by laser peening was developed in ABAQUS to examine thermal and
mechanical cancellation with varying layer peening frequency. Layer
peening frequency refers to the cyclic cycle conveying the number of
printed layers between peened layers. For example, a layer peening fre-
quency of L5 indicates that every fifth layer was peened. The evolution
of residual stresses from different layer peening frequencies and its ef-
fect on thermal and mechanical cancellation were studied.
2. Literature review
2.1. Modeling DED
According to ISO/ASTM 52900, DED is defined as an AM process in
which focused thermal energy fuses materials by melting as layers are
being deposited.9 In DED, metal powder or filament is melted and de-
posited by focused thermal energy from a laser beam, electron beam,
or plasma arc. Residual stress develops and evolves with the addition
of layers that affects mechanical properties and subsequent
3D
printed 
properties
LP LENS
Fig. 1. Schematic of hybrid-AM using DED and laser peening.7
Thermal cancellation of residual 
stresses after a new layer is 
added on a peened layer
Peened layer
New layer
Fig. 2. Schematic representation of thermal cancellation of compressive residual stress
caused by the heat from printing a new layer on top of a previously peened layer.8
Mechanical cancellation of 
compressive residual stress 
by new LP in previously 
peened layer
Laser peening
Peened layer
Newly Peened layer
Fig. 3. Schematic representation of mechanical cancellation of compressive residual stress
caused by peening a new layer on top of a previously peened layer.
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performance. Modeling tools can be used to understand and predict re-
sidual stress development across different materials systems and ma-
chine platforms. The essential components needed to model DED
include a moving thermal source (laser or electron beam), a technique
for the addition of new layers, boundary conditions, and a temperature
dependent material model. Investigators have modeled different types
of DED processes including LENS®,10–18 direct laser metal deposition
(DLMD),19,20 shape metal deposition (SMD),21,22 and laser
cladding.23–25 The following sections describe techniques found in liter-
ature to model DED processes.
2.1.1. Heat flux
The thermal energy source during DED is modeled with a heat flux.
Heatfluxmodels are commonly used acrossmultiple thermal processes,
such as LENS®, laser cladding, laser metal deposition, and welding pro-
cesses. The most common heat flux model is a Gaussian distributed
function (Table 1). Pavelic first proposed this model for welding
processes.26 One advantage is the capability to adapt the melt pool by
changing variables in the Gaussian function. The size of the melt pool
is represented by a radius r. The constant c represents the effects of re-
flectivity, the beam distribution parameter, and the absorptivity of the
material. For 3D models, the parameter r2 changes to r2 = x2 + y2.
Another common heat flux model is the double ellipsoid proposed
by Goldak et al.27 (Table 1). The main feature of this model is that it
can be easily changed to represent both shallow penetration of an arc
in welding and deeper penetration from laser and electron beam pro-
cesses. The constants a, b, and c define the melt pool dimensions, and
these values are different for front and rear ellipsoids. The constants de-
pend on the specific heat source and material being modeled.
2.1.2. Material deposition
In order to model layer addition during DED, most researchers use
one of two techniques: quiet element method and inactive element
method.10,12,16,20,24,28–31 In the quiet element method, unprinted ele-
ments are present in the model but assigned reduced material proper-
ties. These properties are obtained by multiplying with a scaling
factor. Elements with reduced properties will not affect the analysis.
As the analysis progresses and these quiet elements are ready to be
“printed,” realistic material properties are assigned to quiet elements
in order to establish their presence in themodel. Inactive element is an-
other approach that is similar to the quiet element method. However,
the difference is that deposited elements are deactivated at beginning
of the analysis. Elements are activated in each step individually (or as
a layer) as the heat source acts upon that layer.
2.1.3. Thermal boundary conditions
In DED, it is important to have boundary conditions to accurately cal-
culate temperatures developed in layers during material deposition.
These boundary conditions influence the amount of heat passing
through the system and will influence the amount of residual stress
and distortion present in a part. Boundary conditions depend on the
type of DED process. For example, electron beam melting takes place
in a vacuum, where heat transfer occurs only through conduction in
thematerial and radiation on the surface of the build.28Whereas in pro-
cesses such as LENS®, laser cladding, and DLMD, powder material is
blown into the melt pool through inert gas. The flow of inert gas over
the melt pool acts as forced convection. Most thermal models in litera-
ture have both convective and radiative heat transfer conditions on all
surfaces.11,12,18–20,22–24,29–32 Beuth et al. did not include the convective
or radiative heat transfer conditions while modeling LENS® to build
2D thin wall structures.17,33 Dobranich and Dykhuizen suggested ther-
mal results near the heat source were not significantly affected when
the boundary conditions along vertical edges and the top surface were
specified as either convective or insulated.34 Another boundary condi-
tion to be considered is heat transfer from deposited layers to the sub-
strate below. Usually, most models use a fixed temperature on the
bottom surface as a boundary condition. To include heat conducted
into a substrate, Chiumenti et al. applied a convective coefficient to
the bottom boundary of a numerical model.16
2.1.4. Material models
Due to the thermal characteristics of DED, temperature-dependent
properties of a material should be incorporated into the simulation.
These temperature-dependent properties account for phase transfor-
mation, melting, and re-solidification of the material. The transforma-
tion of material from liquid phase to solid phase can be defined by
latent and specific heat, respectively. Most researchers used tempera-
ture dependent thermal conductivity, specific heat, and
density.16,18,19,33 Other mechanical properties, such as a temperature
dependent elasticmodulus or thermal expansion, are used to determine
stresses and deformations developed in a model due to deposition.
2.2. Modeling laser peening
2.2.1. Loading conditions
When the laser interacts with the surface, plasma forms and con-
tinues to absorb laser energy. Part of this energy is released into the sur-
face as a pressure wave. To simplify laser-material interactions, laser
peening is modeled as a pressure wave that is a function of both radial
distance and peening time as follows35,36:
P r; tð Þ ¼ P tð Þ exp − r
2
2R2
Þ

ð1Þ
where P(t) is the magnitude of pressure at any time, r is the radial
distance from the center of the spot, and R is the spot size. Each of
these parameters affects the compressive residual stresses induced in
the material. For example, Peyre et al. observed that with increase in
the laser spot size, the depth of compressive residual stresses increases
substantially without a significant difference in magnitude.37
The pressure-time history is defined using the Gaussian temporal
profile with a short rise time.38–42 Braisted and Brockman used a trian-
gular pulse because of a very narrow pulse duration on the order of sev-
eral nanoseconds43 (Fig. 4). Since the spatial and temporal pressure
distributions during LP are neither uniform nor linear, a subroutine
DLOAD/VDLOAD can be used to apply the non-uniform shock
pressure.36,44 This subroutine allows the pressure to vary with respect
to both the radius of the laser spot and time.
Table 1
Heat flux (Q) models.
Heat flux equations Ref.
Q ¼ cP
πr20
e
−ð
2r2
r20
Þ
where,
c= absorption coefficient
P= laser power
r0 = initial radius
r= current radius
Gaussian heat flux
distribution function
10–18
Q ¼ 6
ffiffiffi
3
p
Pηf
abc π
ffiffiffi
π
p e
−½
3x2
a2
þ 3y
2
b2
þ 3ðzþ vwtÞ
2
c2

where,
P= laser power
η= absorption efficiency
f= process scaling factor
a= transverse dimension of ellipsoid
b= depth of melt pool
c= longitudinal dimension of ellipsoid
t= time
vw = heat source travel speed
Double ellipsoid model
as laser heat source
12,21,22,28,29
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2.2.2. Material models
Themost commonmaterial model to capture high strain rate behav-
ior is Johnson-Cook (JC). The expression for equivalent stress for a given
temperature T is given by
σeq ¼ Aþ Bεneq
 
1þ C ln ε
_ε0
  
1−
T−T0
Tmelt−T0
 m 
ð2Þ
where T0 is the reference temperature, Tmelt is the melting temperature
of amaterial, εeq is the equivalent plastic strain, _ε is the plastic strain rate,
_ε0 is the plastic strain rate in a quasi-static state of thematerial, and A, B,
C, n,m are thematerial constants. The JC model calculates flow stress in
the material considering independent effect of strain hardening, strain
rate, and temperature while ignoring the interdependency of the terms.
Bammann et al. developed an internal state variable (ISV) plasticity
model for high strain rate-, temperature-, and hardening-dependent
constitutive relations.46–48 This constitutive model is capable of
predicting deformation and failure in a material. LP requires a material
model that accounts for a dynamic yield stress. A material user subrou-
tine (UMAT/VUMAT) developed at Mississippi State University was in-
corporated into ABAQUS. Below are the corresponding constitutive
equations.
σ∘ ¼ λtr De	 
I þ 2μDe ð3Þ
De ¼ D−Dp ð4Þ
Dp ¼ f Tð Þ sinh σ−α
 − Rþ Y Tð Þf g
V T½ 
" #
σ−α
σ−α  ð5Þ
α∘ ¼ h Tð ÞDP−
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2
3
rd Tð Þ Dp þ rs Tð Þ α α
r"
ð6Þ
_R ¼ H Tð ÞDP−
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2
3
Rd Tð Þ Dp þ Rs Tð ÞR2
r"
ð7Þ
whereσ∘ is the flow stress which is a function of elastic strainDe. The
plastic rate of deformationDp depends on the hardening functions, re-
covery functions, and yield functions. These functions are defined as
temperature dependent to evaluate the interdependency of strain,
strain rate, and temperature on the flow stress of the material.
3. Finite element modeling of hybrid-AM
3.1. Model description
The two-dimensional model developed for simulation is shown in
Fig. 5. A total of 20 layers were deposited on the substrate, each
30 mmwide and 0.3 mm thick. The substrate below the layers had di-
mensions of 30 mm by 8 mm. The elements in the thermal model
were the DC2D4 type, which represents 4-node diffusive conductive
heat transfer elements used to evaluate temperatures developed during
the application of a moving heat source. Whereas, the elements in the
stress models were CPE4, which represents 4-node bilinear plane strain
elements that captured stresses due to the heat source and the applica-
tion of laser peening. The element size in the layerswas 20 μmby 20 μm,
and a gradient size was given to elements in the substrate to minimize
computational time. The addition of material during AMwas simulated
by means of the successive discrete activation of a new set of elements
in the model at the beginning of each step (i.e., inactive element
method).
3.2. Material model
AISI 52100 steelwas considered for this simulation for itswideusage
in transportation bearings and availability of model constants. In heat
transfer analysis, thermo-physical properties were used to evaluate
temperatures and can be found in Appendix A. In stress analysiswithout
LP, temperature-dependent elastic and plastic properties (Young's
modulus, Poisson's ratio, yield strength) were given along with the
temperature-dependent thermal expansion of the material. The plastic
properties were provided by,50 and the yield strengthwas set artificially
low above the vaporization temperature. For the stress analysis with LP,
internal state variable model (ISV model) was used.
3.3. Loading and boundary conditions
3.3.1. Heat transfer analysis
Amoving heat fluxwas applied to simulate the temperatures devel-
oped in the DED on each layer. The heat flux was modeled as a non-
uniform distributed flux as a function of position and time. The heat
flux given by the equation below follows Gaussian distribution and
was modeled using the ABAQUS user subroutine DFLUX.
q ¼ CP
πr2
e
−2 x−vtð Þ2
r2 ð8Þ
where C is the absorption coefficient, P is laser power in watts, r is the
radius of the laser beam in meters, v is scanning speed of heat flux in
m/s. LENS® process parameters that were used to simulate the AM pro-
cess are given in the table below.
Thermal boundary conditions including conduction, convection, and
radiation were applied to the model. A thermal conduction coefficient
(k) was provided for heat transfer between layers. The heat conducted
into the substrate was given in terms of convection at the bottom of
the substrate (h3 = 1000W/(m2∙K)). A forced convection and radiation
heat transfer boundary conditionswere given on the top surface of each
0 td 2td Time duration
P (GPa)
Pmax
Triangular 
pulse
Short rise time (SRT) 
pressure pulse
Fig. 4. Pressure-time profile of single LP.45
30 mm
8 mm
6 mm
(1)
(2)
h
1
, ε
h
2
h
3
Substrate
Node 751 
Fig. 5. Schematic of hybrid-AMmodel with thermal andmechanical boundary conditions.
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layer while depositing (h1 = 100 W/(m2∙K), ε= 0.62) to account for
heat transferred through inert gas blown into themelt pool and through
radiation to the surrounding environment. Free convection to the sur-
rounding environment was given as a boundary condition on the
edges of layers and substrate (h2 = 25 W/(m2∙K)).
3.3.2. Stress analysis
The pressure wave from LP was modeled as a function of radial dis-
tance and peening time. The LP process parameters are provided in
Table 3. The process parameters were chosen to achieve the maximum
possible penetration depth of compressive residual stress before
reaching a saturation point. The pressure varyingwith peening time fol-
lows a short rise time pulse as shown in figure below. It was assumed
that the pressure duration was three time longer than pulse duration
and glass was used as confining layer. Under these assumptions, a
peak pressure of 5.17 GPa was applied during laser peening to induce
compressive residual stresses into the material. The load was applied
on material for 30 ns in loading step and was allowed to relax for
10−4 s. The variation of stresses with time is shown below (Fig. 6).
3.4. Simulation procedure
A commercial finite element software ABAQUS/Standard was used
to simulate hybrid-AM by DED and laser peening. The simulation proce-
dure is shown in the flow chart (Fig. 7) below. To simulate this process,
two models of identical geometry were developed: one model for heat
transfer analysis with DC2D4 elements and the other for stress analysis
with CPE4 elements. In the heat transfer analysis, temperatures devel-
oped during DED were computed and imported to a stress analysis.
The stresses from the temperatures and LP were determined using
static/general stress analysis.
In hybrid-AM by laser peening, a heat transfer analysis was devel-
oped first. The temperatures developed in the heat transfer analysis
were exported to the stress analysis to calculate stresses from tempera-
tures. Then in laser peening analysis, the stresses from adding layers
were imported as initial conditions, and laser peeningwas applied com-
pleting the first peening cycle. In the next cycle, another set of layers
was added in the heat transfer analysis, and stresses from those temper-
atures were calculated with stresses from the previous laser peening as
initial conditions followed by a laser peening analysis. The same cycle
was repeated until all layers were printed.
0
1
2
3
4
5
0 10 20 30
P
(t)
 (G
Pa
)
Time (ns)
Fig. 6. Variation of pressure with respect to time.
Thermal-stress analysis from directed energy deposition LP stress analysis
Heat transfer analysis Stress analysis Stress analysis
Start
Define element type, 
material properties
Apply thermal 
boundary conditions 
Output temperatures
Activate next layer
Apply temperatures 
from thermal analysis 
as predefined fields
Define material 
properties and 
boundary conditions
End
Apply heat source
Add layer?
Output stress & 
deformation
Complete stress 
analysis?
Apply LSP
Output stress & 
deformation
Complete 
hybrid-AM 
simulation?
Yes
No
No
Import stresses as 
initial conditions
Activate next layer
No
Complete thermal 
analysis
Yes
Import stresses as 
initial conditions from 
LSP (if any)
Start stress analysis
Yes
Fig. 7. Flow chart for simulation procedure of hybrid-AM by laser peening.
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3.4.1. Case study (hybrid L5)
To explain the simulation procedure, a case study was done with
laser peening on every fifth layer (number of printing layers in each
cycle = 5) until twenty layers were deposited. In this simulation,
there were four cycles/iterations. Each cycle contained a heat transfer
analysis, a stress analysis, and a laser peening analysis. In the first heat
transfer analysis, layers 1–5 were added one-by-one and heat flux was
applied on each layer to incorporate temperatures generated in an AM
process. These temperatures were exported to a stress analysis of five
printed layers to compute stresses. Then, the stresses generated by
adding 1–5 layers in the AM process were imported to a laser peening
analysis as the initial conditions. In the laser peening analysis, a single
laser peening was applied on the fifth layer and stresses developed
were computed. This completed one of the four cycles of the hybrid-
AM process.
In the second heat transfer analysis, layers 6–10were added one-by-
one with heat flux applied on each layer. Then, similar to the previous
stress analysis, the temperatureswere imported to evaluate stresses de-
veloped, but here alongwith temperatures, stresses were also imported
from the previous laser peening analysis as initial conditions. This was
to determine the effect of the addition of new layers on a laser peened
surface in terms of residual stresses. The stresses from stress analyses
of 1–10 printed layers were imported as initial conditions and laser
peening was applied on the tenth layer inducing compressive stresses.
This completed the second cycle.
Similarly, layers 11–15 were added in the third cycle and stresses
were calculated by importing temperatures as predefined fields and
stresses from the second laser peening as initial conditions. Laser
peening was applied on the fifteenth layer. Likewise, the final set of
layers was added, and stresses were computed.
4. Results
In this paper, five simulations were developed: as-built (no laser
peening), laser peening on the surface only (surface peened), laser
peening on every 10 layers (hybrid L10), laser peening on every 5 layers
(hybrid L5), laser peening on every layer (hybrid L1). These five cases
were compared to determine the effect of layer peening frequency on
the stress distribution in layers. All the cases were modeled with AISI
52100 as the material, and with AM parameters mentioned in Table 2
and LP parameters in Table 3.
4.1. Final residual stresses
The final residual stresses in direction-1 along the depth for all the
models are shown below (Fig. 8). A full residual stress field map is
shown in Fig. 9 for each condition. The “As-Built” condition represents
the stress model of the DED process without any LP. From the plot
(Fig. 8), it was observed that the stresses in layers were tensile because
of the continuous application of heat flux on the layers. This continuous
heat flux allowed the material to expand and induce tensile residual
stresses in the layers. The magnitude of the stresses in layers varies
from 600 MPa to 1325 MPa.
The stress variation with depth from single laser peening applied on
the surface after twenty layers, i.e., “Surface Peened”, was modeled for
comparison to hybrid conditions. In this case, peening was not fully
coupled; rather, peening was sequentially coupled as a traditional sur-
face treatment. The tensile stresses from adding layers turned compres-
sive and reached a peak of −1120 MPa. The compressive residual
stresses from single laser peening penetrated 4.9 mm before turning
tensile. Three hybrid conditions at different peening frequencies were
examined. The depth of compressive residual stress increased as the
peening frequency increased from every ten layers (5.8 mm) to every
five layers (6.5 mm). A saturation point was reached such that further
increasing the peening frequency to every layer decreased the depth
to 6.3 mm. Although a saturation point was reached, higher layer
peening frequency increased the width of the compressive residual
stress region. The magnitude of peak compressive stress for all cases
ranged between−1120 MPa to−1220 MPa.
As the stress variation along a line at the center of the model does
not represent the entire stress distribution, Fig. 9 shows the stresses in
different models. To quantify the residual stress distribution, the
width and depth of compressive residual stresses (blue regions in
Fig. 9) higher than −650 MPa were measured and provided in
Table 4. It was observed that as the peening frequency increased, the
width and depth of residual stress regions increased. That is, more fre-
quent peening resulted in a more sustained compressive residual stress
band below the surface.
4.2. Temperature history
Thermal history of a model is crucial for residual stress evolution in
the material. Temperatures generated during layer addition stimulate
thermal cancellation of compressive residual stresses developed from
laser peening. While modeling the DED process, the heat flux was ap-
plied on each layer to simulate temperatures developed during printing.
The temperatures experienced within previously added layers vary as
new layers are deposited. The node 751 (shown in Fig. 5) was selected
Table 2
Heat flux process parameters.
Laser power
(W)
Laser spot size
(mm)
Scan speed
(mm/s)
Scan length
(mm)
400 1.36 10 30
Table 3
LP process parameters.
Pressure duration
(ns)
Spot size
(mm)
Peak pressure
(GPa)
Pulse duration
(ns)
Laser intensity
(GW/cm2)
Laser power
(J)
30 2.25 5.17 10 3.59 1.42
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Fig. 8. Stress profiles comparison of hybrid-AM models.
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at the top of the substrate to understand the variation of tempera-
tures. At this position, the temperatures from adding all 20 layers
was calculated, and the temperature variation was plotted with re-
spect to time as all 20 layers were added (Fig. 10). As the first layer
was being added, the peak temperature on top of the substrate
reached 2700 K. For the second layer, the temperature observed at
the node was 1544 K, i.e., as one layer was added, the layer below it
experienced near melting temperatures. As the layers added, the
peak temperature experienced by the node decreased exponentially.
Temperatures above the transition temperature (approximately
820 K) would affect microstructure. The temperature of the node
was above the transition temperature until the seventh layer (L7)
was added. When the eighth layer was added, the temperature
dropped below transition temperature (778 K). This indicated the
heat flux from adding a new layer affected the microstructure of
the seven layers below it. Although the microstructure was not
modeled in this paper, this is very important in terms of stress evolu-
tion in hybrid-AM process.
4.3. Hybrid L10
In hybrid L10, the stress development/redistribution in
layers were plotted along the depth as layers were added (Fig. 11).
The stress profile is represented as a solid line when adding a
new layer (L10 represents stresses after addition of ten layers), and
the laser peened layer is represented with a dotted line (Peening
Layer 10: stress profile after printing and laser peening on 10th
layer).
In Fig. 11a, the L10 curve represents stresses in layers after ten layers
were printed. The L10 curve is similar to the as-built in Fig. 8, and the
maximum tensile stress developed in the layers was 1900MPa. Peening
layer 10 in Fig. 11b represents the stress profile after laser peening the
tenth layer. From this curve, it was observed that all the tensile stresses
present in ten layers turned compressive after the tenth layer was laser
peened, and the peak compressive stress was−1110 MPa. Then, a new
layer (L11) was added on the laser peened layer (i.e., the 10th layer).
Here, an interesting process phenomenon was observed. In the newly
added layer (L11), tensile stresses were developed as expected from
the AM process; however, the peak compressive stress reduced from
−1100 MPa to −490 MPa in the laser peened layer below it (10th
layer). This reduction in compressive stresses when a new layer was
added on the laser peened layer is termed as “thermal cancellation”
(Fig. 11b). This was due to the heat conducted from layer 11 to layer
10 during printing and caused an expansion and redistribution of com-
pressive stresses in layer 10.
In the next step, the 12th layer was added. Similar to the previous
layer (11th layer), tensile stresses were developed in L12; however,
the compressive stresses increased from−490 MPa to−590 MPa in
the previous laser peened layer (Fig. 11b). This increase in compres-
sive stress in the laser peened layer due to the addition of new layers
is termed “thermal addition.” This may be attributed to the stress re-
distribution during the DED process. As-printed layers have high
tensile stresses. To compensate, compressive stresses are induced
in layers below the printed layer. After all layers were added, there
was a peak tensile stress of 1660 MPa in the newly added layers
11–20 and peak compressive stress of −938 MPa was observed in
previously peened layer (10th layer). This implies there was an in-
crease of −448 MPa in the 10th layer due to thermal addition.
Next, another laser peening was applied on layer 20. This laser
peening induced a peak compressive stress of −1170 MPa. Another
interesting phenomenon observed here was that the magnitude of
compressive stress in the 10th layer decreased from −938 MPa to
−456 MPa after 20th layer was peened. This reduction in compres-
sive stress in layer 10 after the 20th layer was laser peened is called
“mechanical cancellation.” This may be due to the hook shape devel-
opment of the stress profile from laser peening. This shape of resid-
ual stress profile from laser peening makes the stresses go tensile
after a certain depth. As there exist compressive stresses in the
10th layer, the new laser peening on the 20th layer increased the
depth of compressive residual stresses. This may be the reason why
the depth of compressive stresses in hybrid L10 model was
6.25 mm while it was 4.9 mm in surface peened model.
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Fig. 9. Residual stresses developed in layers in each model.
Table 4
Size of the compressive residual stress region greater than−650 MPa.
Model Width (mm) Depth (mm)
As-built n/a n/a
Surface peened 12.2 2.5
Hybrid L10 15.3 2.6
Hybrid L5 16.5 3.2
Hybrid L1 22.1 3.7
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Fig. 10. Temperature profile with time at top center of substrate (MT-melting
temperature, TT-transition temperature).
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4.4. Hybrid L5
In this case, five layers were printed and laser peening was applied
on top of the 5th layer. Next, another five layers were added, and laser
peening was applied on 10th layer. The process was repeated until all
20 layers were added. Fig. 12 shows stress profile evolution along the
depth as the new layers were added on a peened surface.
The curve L5 in Fig. 12a represents the stress profile after adding five
layers. When the LP was applied on the 5th layer, the tensile stresses
present in layers 1–5 turned compressive. In the next step, the 6th
layer was added, and stresses in the 6th layer were tensile as expected;
however, the magnitude of compressive stresses in the previously
peened layer increased (Fig. 12a). Instead of thermal cancellation as ob-
served in the hybrid L10 model, thermal addition made the stresses
more compressive at this depth. This thermal addition continued until
the 10th layer was added. When LP was applied on the 10th layer, me-
chanical cancellationwas observed (Fig. 12a). A similar trend of thermal
addition and mechanical cancellation were observed for the next cycle:
L11
L20
Peening
Layer 10
Peening
Layer 20-400
-1200
-800
4.25 4.75
L10L11L20
SubstrateLayers 1-20
(a) (b)
New added layer
Peened layer
Thermal cancellation
Thermal addition
Mechanical cancellation
Fig. 11. Stress profile evolution of hybrid-AM model with laser peening on every 10 layers.
Fig. 12. Stress profile evolution of hybrid-AM model with laser peening on every 5 layers.
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adding layers 11–15 and LP on 15th layer. In the next step, the 16th
layer was added inducing thermal cancellation in the previous peened
layer followed by thermal addition as the layers were being added
until layer 20. Laser peening was applied on the 20th layer. Instead of
mechanical cancellation, mechanical addition was observed in the
laser peened layer (layer 15). When laser peening was applied on the
20th layer, instead of mechanical cancellation as seen in the previous
cycles (L1–5, L6–10, L11–15), “mechanical addition” was observed
(Fig. 12b).Mechanical addition is defined as the addition of compressive
stresses in previously peened layers when a newly added layer in the
AM process was peened.
4.5. Hybrid L1
In this case, laser peeningwas applied after the addition of each layer
in DED.When a new layer was added on a peened surface, the compres-
sive stresses in the previous peened layers decreased. That is, thermal
cancellation was observed. After LP, compressive stresses increased in
the previous peened layers, i.e., mechanical addition was observed.
The same cycle of thermal cancellation andmechanical additionwas ob-
served for all 20 layers. This stress evolution is plotted below (Fig. 13).
4.6. Step history evolution of stresses
All the plots until this point are local time histories and the stress
variation with respect to depth in different models. However, the step
histories of thesemodels conveymore information on residual stress re-
versal. Each step corresponds to the addition of a new layer or laser
peening of a layer. For example, hybrid L5 model has 20 layers added
and LP was applied on layers 5, 10, 15, and 20; so this model will have
a total of 24 stepswith LP at steps 6, 12, 18, and 24. Similarly, themodels
surface peened, hybrid L10, and hybrid L1 have 21, 22, and 40 steps re-
spectively. To observe the stress variations, element 44,250 was se-
lected, which is at the top center of the substrate. In Fig. 14, the red
colored circles indicate the stress value after the addition of a new
layer, and the blue colored circle indicates the stress value after a partic-
ular layer was peened. In surface peened model (Fig. 14a) where no LP
was applied in between the layers, the stress had minimal variation
until peening on the 20th layer in step 21. At this step, the stress was re-
duced from 993 MPa to 136 MPa, a decrease of 857 MPa. In the hybrid
L10 model, the stress was tensile until LP was applied on layer 10 de-
creasing the stress by 2.1 GPa. Beginning with the addition of layer 11,
as the new layers were added, the stresses stayed compressive and
ranged from−1.4 GPa to−1.2 GPa until another LPwas applied chang-
ing the stress from−1.2 GPa to−75 MPa. In the hybrid L5 model, the
stress variations at the peened steps were 2.6 GPa, −650 MPa,
−1.1 GPa, and− 1.5 GPa. In the hybrid L1 model, after the addition of
the first layer, the stress was approximately 1900MPa. After LP was ap-
plied on it, the stress dropped to−200MPa, i.e., with the application of
LP therewas a change in stress of 2.1 GPa. Similarly, the change in stress
varied from 2.1 GPa to a few hundreds of megapascals as the first 10
layers were added. Until this point, the newly added layers induced ten-
sile stresseswhile LP induced compressive stresses. After the addition of
the 11th layer, this trendwas reversed. That is, after the addition of layer
11, printing new layers induced compressive stresses and the stresses
due to peening became tensile. This trend continued until all the re-
maining layers were added and peened. These variations in stresses
from tensile to compressive or vice versa can be observed in all the
models developed in this paper. The large reversals in stresses were
due to the stress redistributions during the thermal and mechanical
cancellations.
5. Summary and conclusions
From the 2D finite element model of hybrid-AM by DED and LP, it
was shown that layer-by-layer peening during additive manufacturing
(AM) induced compressive residual stresses in the workpiece that
were not completely cancelled from heat or mechanical redistribution.
Critical hybrid process parameters were identified, such as layer
peening frequency, peening intensity (includes laser power and spot
size), and layer thickness. It was shown that decreasing layer peening
frequency (i.e., peening more frequently) from 20 to 5 increases the
depth of compressive residual stresses (CRS). In this case study where
the layer thickness was 0.3 mm, the depth of CRS saturated below a
peening frequency of every 5 layers. That is, peening more frequently
than every five layers did not increase the depth of CRS. In single
peening mode, the peak CRS below the surface was similar (±
100 MPa) for all layer peening frequencies. Interestingly, the width
and thickness of the CRS, referred to as the CRS band, increased with
more frequent layer peening. Peening every layer had the widest and
thickest CRS band. Based on these results, it is hypothesized that
peening fewer layers with multiple peenings would be equivalent to
peening every layer with a single peening. Multiple peenings should in-
crease the width and thickness of the CRS band.
The stress profile evolution in the model with a layer peening fre-
quency of ten exhibited thermal cancellation, thermal addition, andme-
chanical cancellation. When peening every 5 layers, in layers 5 and 10,
thermal addition and mechanical cancellation were observed. In layer
15, thermal cancellation and mechanical addition were observed. No
mechanical cancellation was observed when peening every layer. This
may be due to the high peening frequency. The depth of the peak CRS
from peening layers reached the previously peened layers below and
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Fig. 13. Stress profile evolution of hybrid-AM model with laser peening on every layer.
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resulted in an increased CRS. This indicates complex residual stress his-
tories exist that are dependent on the location in theworkpiece. Under-
standing these histories may be important in designing for
performance. In steels, the reversals in stress from thermal andmechan-
ical cancellation ranged from 100's of megapascals to a few gigapascals.
Hybrid processing of a steel may result in short cycle fatigue failure
when coupling printing and peening because of the dramatic reversals
in CRS.
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Appendix A. Material properties of AISI 52100
Table A.1
Physical properties of AISI 52100.
Latent heat of fusion (kJ/kg) 276
Latent heat of vaporization (kJ/kg) 6290
Melting point (K) 1640
Boiling point (K) 2750
Density (kg/m3) 7827
Table A.2
Temperature dependent thermal expansion.49
Thermal expansion
(μK−1)
Temperature
(K)
11.5 298
12.6 477
13.6 671
14.9 977
15.3 1077
Table A.3
Temperature dependent elastic properties.50
Young's modulus
(GPa)
Poisson's ratio Temperature
(K)
201.33 0.277 295
178.58 0.269 473
162.72 0.255 673
103.42 0.342 873
86.87 0.396 1073
66.88 0.490 1273
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Fig. 14. Step history of residual stresses at element 44,250 in (a) surface peened, (b) hybrid L10, (c) hybrid L5, (d) hybrid L1 models, and (e) location of element 44,250 at the interface of
the baseplate and build.
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Table A.4
Temperature dependent plastic properties.50
Yield stress
(MPa)
Plastic strain Temperature
(K)
1600 0 293
1900 0.002 293
2000 0 493
2300 0.025 493
1180 0 693
1220 0.045 693
20 0 5000
23 0.02 5000
Table A.5
ISV constants for AISI 52100.51
Material constants
Shear modulus (G) (MPa) 78,500
a 1.23
Bulk modulus (K) (MPa) 152,000
b −1.85E10
Melting point (K) 1640
C1 (MPa) 1
C2 (K) 1
C3 (MPa) 1070
C4 (K) 58.5
C5 (1/s) 1
C6 (K) −12,000
C7 (1/MPa) 0.04
C8 (K) 0
C9 (MPa) 5600
C10 (MPa/K) 9
C11 (1/MPa) 0.002385
C12 (K) 400
C13 (1/MPa) 0.05
C14 (K) 0
C15 (MPa) 150
C16 (MPa/K) −14
C17 (MPa/s) 0.0027
C18 (K) 0
C19 (1/K) 0.004148
C20 (K) 665
Initial temperature (K) 293
Heat coefficient (m3·K/J) 2.43E−07
Initial damage 0.01
Damage exponent 3
Table A.6
Temperature dependent specific heat.49
Specific heat
(J/(kg·K))
Temperature
(K)
458 300
640 473
745 699
798 810
Table A.7
Temperature dependent conductivity.52
Conductivity
(W/mK)
Temperature
(K)
37 273
41 373
40 473
38 573
36 673
34 773
33 823
32 883
30 923
29 973
25 1023
25.5 1173
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